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Abstract

Many pharmaceuticals on the market today belong to a large class of natural products called
nonribosomal peptides (NRPs). Originating from bacteria and fungi, these peptide-based natural
products consist not only of the 20 canonical L-amino acids, but also non-proteinogenic amino
acids, heterocyclic rings, sugars, and fatty acids, generating tremendous chemical diversity. As a
result, these secondary metabolites exhibit a broad array of bioactivity ranging from antimicrobial
to anticancer. The biosynthesis of these complex compounds is carried out by large multimodular
megaenzymes called nonribosomal peptide synthetases (NRPSs). Each module is responsible for
incorporation of a monomeric unit into the natural product peptide and is composed of individual
domains that perform different catalytic reactions. Biochemical and bioinformatic investigations
of these enzymes have uncovered the key principles of NRP synthesis, expanding the
pharmaceutical potential of their enzymatic processes. Progress has been made in the manipulation
of this biosynthetic machinery to develop new chemoenzymatic approaches for synthesizing novel
pharmaceutical agents with increased potency. This review focuses on the recent discoveries and
breakthroughs in the structural elucidation, molecular mechanism, and chemical biology
underlying the discrete domains within NRPSs.

1 Introduction

The biosynthetic pathways of natural products produced by microorganisms have been
investigated extensively over the past few decades due to the broad spectrum of biological
activity exhibited by these compounds. Many of these structurally diverse and complex
molecules display valuable medicinal activities extending from antibiotic to
immunosuppressive, to anticancer properties.1 On account of their wide range of therapeutic
properties, these natural products have gained substantial consideration in the field of
modern medicine. Not only do they continue to be an important source of drugs used today,
but they also show promise as scaffolds for the development of new more potent
pharmaceutical agents in the future.?

Prominent among these microbial metabolites is the large subclass of natural products
known as nonribosomal peptides (NRPs). These peptide-based natural products are
synthesized by large multifunctional megaproteins called nonribosomal peptide synthetases
(NRPSs).3 The structural framework of these biosynthetic enzymes are comprised of
modules that are responsible for the incorporation of a single building block into the natural
product. The modules can be organized on a single polypetide (type | NRPS), as seen in
many fungal species,*® or on several discrete interacting proteins (type 1l NRPS), as seen in
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many bacterial systems.8:” Each module is further divided into catalytic domains
accountable for a single reaction in the incorporation and modification of a monomer unit in
the chain elongation process. Due to the modular architecture of NRPSs, considerable
attention has focused on the reprogramming of their biosynthetic machinery for the
biocombinatorial synthesis of novel peptides with improved bioactivity.8 In the past
decade, reengineered synthetases, generated by either exchanging or fusing modules1911 or
translocating domains12-13 were able to produce a library of NRP derivatives. However, the
productivity of these engineered synthetases is hindered by poor substrate selectivityl41°
and improper protein interactions.16:17.18 Consequently, the extent to which these methods
can be improved will depend on our understanding of the structural and mechanistic features
of the protein interactions involved in the biosynthetic strategies of NRPSs.

In the past, great advances have been made in the structural and functional elucidation of
NRPSs. Extensive biochemical investigations have revealed the molecular mechanisms
underlying the biosynthesis of therapeutic NRPs.19 At present, the X-ray and nuclear
magnetic resonance (NMR) structures of the core domains of these large biosynthetic
assembly lines have been solved.20 In addition, the mechanistic function and overall
modular structure of these NRPS units as well as several tailoring domains have been
uncovered.?! The focus of this review will be on these investigations, which have examined
the structural and functional aspects of NRPSs.

2 Structural Diversity of Nonribosomal Peptides

Nonribosomal peptides display a wide variety of structurally complex features that generate
their chemical diversity (Fig. 1). These unique features often transform the peptides into
their bioactive conformations, allowing them to interact specifically with select binding
pockets on their particular molecular target. As a result, these secondary metabolites hold
great pharmaceutical potential. Responsible for the incorporation of these characteristic
components, such as D-amino acids, heterocyclic rings, and N-methylated residues are the
auxiliary domains of NRPSs. In addition, other tailoring enzymes incorporate sugars and
fatty acids to confer biological activity to the natural product peptide.l

Bacitracin and vibriobactin are examples of nonribosomal peptides that contain heterocyclic
rings, incorporated by the cyclization (Cy) domain (Fig. 1). Produced by the organism
Bacillus licheniformis for protection against other bacteria,?? bacitracin is commonly used as
an antibiotic ointment for the treatment of skin infections. It contains a thiazoline ring that
maintains the structural configuration responsible for complexation with a divalent cation
and the phosphate moiety of C(55)-isoprenyl pyrophosphate.23 This complexation prevents
dephosphorylation of the lipid phosphate, a key step in bacterial cell wall biosynthesis,
which leads to inhibition of peptidoglycan synthesis and thus killing the unwanted
bacteria.24

Vibriobactin is a catecholate siderophore first isolated in 1984 from the pathogenic
bacterium Vibrio cholerae.® It contains two oxazoline rings, derived from threonine, that
help position the hydroxyl groups of the catechols to chelate metal ions such as Fe(l11).26:27
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In doing so, it functions as a virulence factor by sequestering iron in iron-limited
environments.

One of the hallmarks in nonribosomal peptides is the incorporation of D-amino acids.
Cyclosporin A and tyrocidine A are cyclic peptides that have immunosuppressant28 and
antibacterial properties,2° respectively. They contain D-amino acids, which provide
stereochemical constraints for proper cyclization into the final product.3° In doing so, the
regio- and stereoselective formation of these cyclic peptides enables compatibility with their
specific biological target.

The modifications mentioned thus far occur during NRP synthesis. They are carried out by
the auxiliary domains located within the synthetase (in cis). Additional chemical alterations
also take place, but by discrete tailoring domains (in trans). Some of these reactions include
glycosylation, halogenation, oxidative crosslinking, and lipidation.3! Typically, these
reactions occur after the peptide has been synthesized, but in some cases they occur
beforehand. For instance, initiation of daptomycin synthesis was recently reported to begin
with condensation between a fatty acyl chain and its N-terminus amino acid, tryptophan.32
Daptomycin was originally discovered in the early 1980’s by Eli Lilly and Company and has
since gained considerable attention as a novel drug for the treatment of Gram-positive
infections.33 Unlike most antibacterial agents, which target the proteins in control of cell
wall synthesis, daptomycin disrupts the cell membrane directly to kill bacteria. Due to the
presence of a fatty acid side chain, when Ca(ll) binds to the cyclic peptide, the antibiotic is
rendered more amphiphilic so that it can insert itself into the membrane. In doing so, the cell
membrane is perforated, causing leakage of ions and eventually cell death.34 Fengycin,
produced by Bacillus subtilis strain F-29-3, also operates in a similar manner due to its lipid
moiety, but specifically inhibits filamentous fungi.3>36 Balhimycin is a glycopeptide
antibiotic and syringomycin E is a lipopeptide fungicide, each modified with halogens. It has
been shown that the presence of chlorine increases the antibiotic activity of balhimycin 8- to
16-fold3” and the antifungal potency of syringomycin E 3-fold.38 Two biaryl ethers and a
biaryl ring, formed through oxidative crosslinking by cytochrome P450-like oxygenases,3°
are also present in balhimycin, giving it the tricyclic peptide backbone required for
antimicrobial activity.40 The extent of structural diversity is further illustrated by luzopeptin
A and echinomycin. Exhibiting antitumor activity, they consist of bicyclic chromophores,
enabling them to intercalate DNA. As a result, DNA replication is inhibited in cancerous
cells.#142 On a final note, many of the chemical functionalities featured in Fig. 1 not only
provide a wide scope of biological activity, but also increase the stability of these natural
product peptides, preventing proteolytic degradation.*3

3 Modular Nonribosomal Peptide Biosynthesis

Although NRPs are marked by structural diversity, their mode of synthesis is highly
conserved. Classified into three categories, biosynthesis of NRPs can occur in a linear (Type
A), iterative (Type B), or nonlinear (Type C) manner, as shown in Fig. 2.44 In the linear
strategy (Type A, Fig. 2), the number and sequence of the modules in the NRPS matches the
number and order of amino acids in the peptide. In type B (Fig. 2), the modules or domains
of the synthetase are used more than once to synthesize the peptide, which consists of
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repeated sequences. Lastly, nonlinear NRPSs generate peptides in which the sequence of
amino acids does not correlate to the arrangement of modules on the synthetase template
(Type C, Fig. 2).

Regardless of the biosynthetic strategy utilized by the megasynthetases, all NRP synthesis is
mediated by the peptidyl carrier protein (PCP) found in each NRPS module. The ~80 aa
PCP acts as a scaffold, tethering the amino acid building blocks and peptidyl intermediates
as they are modified and condensed by other domains of the NRPS.#° In addition to the
PCP, the adenylation (A) and condensation (C) domains constitute the three core domains
that define a typical NRPS module. The A domain recognizes and activates the amino acid
building block by formation of an amino acyl adenylate intermediate through the
consumption of ATP. Then the activated substrate is transferred to the thiol group of the 4’-
phosphopantetheine on PCP and covalently bound through a thioester linkage.#¢ Derived
from coenzyme A (CoA), phosphopantetheine is posttranslationally attached to a conserved
serine residue of the PCP by a phosphopantetheinyl transferase (PPTase).#” The activated
PCP acts as a flexible arm permitting the bound substrate to travel from one catalytic center
to another. Once the amino acyl substrate has undergone all necessary modifications, the C
domain catalyzes the peptide bond formation with the downstream amino acyl unit that is
tethered to the PCP of the adjacent module.8 While the typical module contains these three
domains, the first module of the NRP system, known as the initiation module, lacks a C
domain. In addition to the core domains are the tailoring domains, which are responsible for
the various modifications that create the diversity in NRPs (see Section 2). Some of these
chemical alterations occur during peptide synthesis and are performed by domains such as
the epimerase (E), cyclization (Cy), methyltransferase (MT), and oxidation (Ox) domains.
After these modifications, the final product is released from the PCP of the termination
module through either hydrolysis or macrocyclization by the thioesterase (TE) domain.*®
Once released, the NRP products can be further subjected to modifications by
glycosyltransferases, halogenases, and oxygenases.

4 Posttranslation Modification and Mispriming

4.1 Phosphopantetheinyl Transferases (PPTases)

The PPTases form a particular group of enzymes essential for activating NRPSs to their
functional state. Prior to NRP biosynthesis, all PCPs undergo posttranslational modification
by these external enzymes. The 4’-phosphopantetheine moiety of the cofactor CoA is
transferred on to the conserved serine residue of the PCP by a dedicated PPTase in a Mg2*-
dependent reaction, converting the inactive apo-PCP to the active holo-PCP. Although the
PPTases share low primary sequence homology, they have been organized into three classes
based on both size and substrate selectivity. The first class is the E. coli AcpS-type, which is
~120 aa in length and displays strict substrate selectivity, recognizing mainly carrier proteins
involved in primary metabolism. As such, many of the AcpS-type PPTases are responsible
for modification of the fatty acid synthase acyl carrier protein (FAS ACP). Characterized by
broad substrate recognition tolerance, the Sfp-type PTTases are ~240 aa in length and form
the second class. They are capable of modifying carrier proteins from both primary and
secondary metabolism, which include NRPSs. They include the PPTases B. brevis Gsp,%° B.
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licheniformis Bli,>! Vibrio cholerae VibD,%2 and S aurantiaca MtaA.53 The third class of
PPTases modify the fatty acid synthase of eukaryotes. Unlike the first two classes of
PPTases, this class is directly attached to their corresponding biosynthetic system. For
example, the yeast PPTase found in B. ammoniagenes was found to be an integral part of the
yeast FAS2 gene and responsible for activation of the acyl carrier proteins in its type |
FAS.5

In 1999, the crystal structure of the Bacillus subtilis Sfp protein complexed with CoA in its
active site was resolved at 1.8 A (Fig 3A).%° The PPTase enzyme exhibited an a/p-fold with
pseudo 2-fold symmetry, dividing it into two similar halves with the active site pocket
located at the interface. It was suggested that Mg2* complexed with the a- and B-phosphates
of the pyrophosphate moiety of CoA along with the carboxylate moieties of active site
residues D107, E109, and E151.56 In addition, H90 was observed to participate in binding
CoA to the active site through salt bridges between the e- and 5-nitrogens of the imidazole
group of HI0 to the 3’-and a-phosphate moieties of CoA, respectively. This was in
accordance with an earlier study demonstrating the importance of the 3’-phosphate for CoA
binding and the strict pH dependence of Sfp activity.>’

In a more recent study, structure-based mutational analysis of the PPTase enzyme Sfp
revealed the PCP binding region and the reaction mechanism for activating the PCP.58
According to the model presented in this study, invariant residue E151 of Sfp is proposed to
deprotonate the hydroxyl group of the active site serine residue of PCP in order for it to
attack the f-phosphate of CoA through an addition-elimination mechanism, causing the
release of 3/,5’-ADP (Fig. 3B). The proton transferred on to E151’s carboxyl group is passed
to D107 and then to K155, where it is finally handed off to the oxygen of the a-phosphate of
CoA. Based on the cocrystal structure of SfpeCoA,°® all residues participating in shuttling
the proton are within hydrogen-bonding distance. In addition, mutations of these proton
shuttling residues resulted in a 1000-fold reduction in catalytic efficiency for Sfp, further
corroborating the proposed mechanism. To determine the binding pocket for the PCP,
residues K112, E117, and K120 were selected for mutational analysis based on comparison
to the AcpS—ACP cocrystal structure.5® These Sfp mutants displayed 15- to 24-fold reduced
Km values for PCP, indicating the importance of these residues for PCP binding. Likewise,
the location of these residues on the loop region between 4 and a5 suggests that the Sfp
protein utilizes this flexible loop region to recognize various carrier proteins.

4.2 Type Il Thioesterase Domain

NRPSs utilize a specialized thioesterase domain to ensure efficient and accurate production
of the final NRP product. Unlike the type | thioesterases (TEIs), which catalyze the release
of the final peptide product from the synthetase, type Il thioesterases (TEIIs) function as
repair enzymes, regenerating the functional 4’-phosphopantetheine arm of a misprimed PCP.
Due to the large percentage (~80%) of acylated CoA in bacteria,%° along with the
promiscuity of the PPTase Sfp, mispriming of PCP domains occurs quite frequently,
rendering the protein inactive and incapable of producing the natural product peptide.
Additionally, mispriming of the PCP can occur when the holo-PCP is loaded with an
incorrect amino acid. As a result, the TEII is required to restore functionality to the PCP
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domain by hydrolyzing the acyl or peptidyl group off of the misprimed acyl-4’-
phosphopantetheine arm. This enzyme must be able to recognize all PCPs and hydrolyze off
incorrect acyl or peptidyl groups while avoiding untimely cleavage of the correct growing
peptide. The functional activity of this domain in relation to NRPS was first realized in a
study in which the TEII protein associated with the antibiotics surfactin (TEllg) and
bacitracin (TEll,,c) were investigated for hydrolysis of acetyl-PCP substrates.51 The TEII
domains were determined to hydrolyze acetyl-PCPs as well as aminoacyl- and peptidyl-CPs.
The overall rate of NRP production was unaffected by the activity of the TElls, supporting
the hypothesis that the main role of TEIIl enzymes is to regenerate the misprimed PCP
domains of NRPSs.

Shortly after the discovery of TEIIs, a mutational study of the surfactin TEIl domain was
conducted, revealing three catalytic residues and a residue potentially important for
structural stability.52 The three catalyic residues identified form a catalytic triad, similar to
that found in TEI domains, consisting of S86, D190, and H216. The alignment of these
residues suggested that the TEIl domains belong to the a/B-hydrolase superfamily. In
addition, the conserved residue D163 was found to be structurally important since a D163A
mutant maintained hydrolytic activity but was unable to remain structurally stable. Having
established the TEII active site residues necessary for catalysis, efforts turned towards
uncovering the specific protein interactions with the PCP domain. NMR titration
experiments of SrfTEIl were performed with TycC3-PCP to elucidate its structure and
uncover the key factors governing the conformational changes during its interaction with the
PCP along with the structural basis for substrate selectivity.53 SIfTEII exhibited a typical
a/B-hydrolase fold, with a central 7-stranded B-sheet surrounded by 8 helices (Fig. 4A). The
short “lid’ region containing the helix-turn-helix motif was observed to only partially cover
the TEII active site. The key residues comprising the interaction surface of the SrfTEII
enzyme were also determined in this structural analysis and they included the N-terminal
loop, the loop regions between the a-helices and B-sheets, and the “lid” region. Like the TEI
domain, the TEIl enzyme was ascertained to also exhibit two distinct conformations based
on NMR chemical shifts of certain key amino acids, with preference for one conformation
when interacting with its native substrate, the acetylated holo PCP. This observation of an
equilibrium between two different conformations demonstrates that a conformational
exchange process is occurring in solution. Interestingly, similar exchange processes had
been detected in the structural study of the EntF PCP-TEI didomain.54

Another distinct feature of the TEII domain that was revealed in this study was its substrate
specificity. NMR titration experiments with 15N-labelled SrfTEII and unlabelled TycC3-
PCP domain loaded with either a single amino acid or a tripeptide were performed.
Chemical shift changes were observed for active site residues of SrfTEIl when titrated with
Ala-loaded TycC3-PCP domain but not with the tripeptide loaded on, indicating a
preference for small substrates in the TEII active site. Consequently, the active site of the
TEII was determined to be embedded in a shallow groove capable of accommodating only
small acyl substituents.5>

Recently, another external thioesterase domain, RifR, from the hybrid NRPS-PKS
rifamycin, demonstrated broad substrate specificity, hydrolyzing various-size carboxylated
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and decarboxylated acyl thioesters, with a preference for misacylated carrier proteins over
the natural building blocks of rifamycin.®8 Interestingly, RifR also showed preferential
hydrolysis of misacylated carrier proteins over misacylated CoA analogues, emphasizing the
importance of protein-protein interactions in the functionality of the TEIl domains.

As for the overall structure of RifR, it maintained the same a/B-hydrolase fold as seen by
previously characterized NRPS TEII domains, with a three a-helix ‘lid” governing proper
substrate binding by controlling access to the substrate chamber (Fig. 4B). In addition, a
flexible linker region, forming part of the substrate chamber, was identified as being
responsible for the broad substrate specificity of RifR. Although RifR displayed broad
substrate selectivity, the catalytic efficiency for the hydrolysis of the different acyl thioesters
varied, suggesting that the lid somehow affects the linker region, dictating the extension it
undergoes in order to accommodate the different length substrates.

5 Core NRPS Domains

5.1 Adenylation Domain

As the initial determinants of substrate selectivity in NRP biosynthesis, the adenylation
domains (~550 aa) function as the gatekeepers of the NRPS assembly line. Based on
previous studies,67:68 the A domains recognize and activate their cognate amino acids in a
two-step process. First, they selectively bind the cognate amino acid and convert it into an
aminoacyl adenylate intermediate at the expense of an ATP. Then the adenylated substrate
undergoes a nucleophilic attack by the thiol of the 4’-phosphopantetheine arm of the PCP,
forming a thioester bound aminoacyl-S-PCP (Fig. 5A).

In 1997, the first crystal structure of an NRPS A domain, the phenylalanine-activating
domain (PheA) of the gramicidin S initiation module, was determined.59 Since then, only
two other A domain has been resolved, the stand-alone 2,3-dihydroxybenzoic acid-
activating domain (DhbE) of the bacillibactin NRPS,70 and the A domain of the NRPS gene
sidN discovered in the fungus Neotyphodium lolii, which activates N(4)-cis-
anhydromevalonyl-N-(A)-hydroxy-L-ornithine.”! Based on these crystal structures, the
overall structure of the A domain consists of a large N-terminal domain and a small C-
terminal domain, with the active site located at the junction of these two subdomains (Fig.
5B). Within the active site, 8-10 residues were identified and confirmed to be relevant for
catalysis through sequence alignments of other A domains and mutational studies.”273
Referred to as the ‘codons’ of nonribosomal peptide synthesis, these 8-10 catalytic residues
appeared to be degenerate and were further exploited for synthesizing new peptide
antibiotics.”® These biochemical studies altered the specificity-conferring code of A
domains to recognize noncognate amino acids with minor changes in polarity and size
compared to the cognate substrate. In addition to directly modifying the specificity
conferring amino acids, computational redesign has been employed to alter the substrate
specificity of the A domain.”® Using the crystal structure of PheA as a starting model,
computational algorithms predicted specific active-site mutations that would accommodate
alternate substrates that are not usually activated by PheA, including Leu, Arg, Glu, Lys, and
Asp. The predicted mutations successfully altered the substrate specificity of PheA when
tested in vitro. In contrast with earlier mutational studies, residues not involved in the

Nat Prod Rep. Author manuscript; available in PMC 2016 March 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hur et al.

Page 8

specificity conferring code were analyzed to further increase specificity towards non-natural
substrates.

Endeavors towards a better grasp of the structural orientations affecting substrate selectivity
in A domains have focused on examination of other adenylate-forming enzymes, such as the
crystal structure of the acetyl-CoA synthetase (Acs) from Salmonella enterica’® and the D-
alanyl carrier protein ligase (DItA) from Bacillus cereus.”” The crystal structure of the
acteyl-CoA synthetase (Acs) complexed with adenosine-5’-propyl phosphate and CoA gave
the first insight on the thioesterification reaction between the adenylated substrate and CoA.
It was suggested that in the second half reaction, the C-terminal domain undergoes a
conformational change, exposing new catalytic residues for CoA to attack the adenylated
intermediate. Hence, the idea of multiple structural orientations for the two half reactions
was proposed as a model for members of the adenylate-forming enzymes. In this ‘domain
alternation hypothesis’,”® the K609A and G524L mutants of Acs were shown to be inactive
in the adenylation half-reaction and the thioester-formation half-reaction, respectively,
through kinetic analysis, demonstrating the importance of these residues in catalysis of each
half reaction. Furthermore, the crystal structures of Acs in the adenylate-forming
conformation displayed residue G524 25-30 A from the active site, supporting the need for
the C-terminal domain to undergo a ~140° rotation for the second half reaction.

In a more recent study, the crystal structure of another adenylate-forming enzyme, the D-
alanine carrier protein ligase (DItA), complexed with ATP was reported (Fig. 5C),®
enabling the examination of the pre-adenylation state. Prior to this development, two crystal
structures of DItA, one in the thioester-forming state,80 and another in the post-adenylation
state8! had been elucidated, further corroborating the findings of the studies with PheA,
DhbE, and Acs. The structure of the pre-adenylation state suggests that there are three
distinct conformations adopted by adenylation domains during thioester formation. The
crystal structure of the DItA«ATP complex described the catalytic role of invariant residues
K492, E298 and R397, which could not be explained in the previous two DItA crystal
structures. It was proposed that E298 and R397 were responsible for stabilizing the
pyrophosphate leaving group of ATP in the adenylation reaction. K492 was observed to be
in different conformations in the DItAJATP complex, as opposed to the DItA/adenylate
complex. Due to this mobility, K492 is able to facilitate the electron transfer from the
carboxylate group of D-alanine to the pyrophosphate group via a pentavalent transition state.
In addition to proposing a molecular mechanism of catalysis for AMP-forming enzymes,
this study also revealed a 48° reconfiguration of the C-terminal domain for complexation
with ATP. Hence, two conformational changes appear to be necessary for the adenylation
domains to properly recognize and activate their substrates for NRP biosynthesis. Powerful
bioinformatics tools have been developed to accurately predict the preferred substrate of
adenylation domains.82:83 Based largely on data obtained from the crystal structure of PheA,
24 residues within 8A of the bound phenylalanine substrate, in addition to the previously
described 8-10 specificity-conferring active site residues,’2 were selected for the
comptuational prediction of substrate specificity. These bioinformatics tools enable quick
and accurate analysis of newly identified NRPS systems, allowing for more complete
characterization of novel NRPS gene clusters.
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Biochemical investigations have also shed light on characteristics governing substrate
specificity of the adenylation domain. A comprehensive survey defining the limits of A
domain substrate specificity was recently published,4 revealing how hydrophobicity along
with shape complementarity between the substrate and the binding site on the protein play a
major role in substrate recognition by the A domain. The adenylation activity of TycA,
which has a native affinity for Phenylalanine, was tested against a panel of 30 amino acid
substrates using a discontinuous ATP/pyrophosphate-exchange assay.8> Charged substrates
displayed no activity, indicating the importance of the electronic character of the side chain.
It was speculated that the energy of desolvation of a charged group may be too large to
overcome, preventing the substrate from binding within the A domain hydrophobic active
site. In addition, the Hansch log P value was also calculated for the side chain of each amino
acid substrate to measure its hydrophobicity. Based on the kinetic data gathered correlated to
the log P values, a general trend was observed in which the catalytic efficiency of the
enzyme increased with the hydrophobicity of the amino acid’s side chain. However, there
were discrepancies from the general trend, which were rationalized by additional factors,
such as shape complementarity and van der Waals interactions. For example, the natural
substrate L-Phe deviated from the general trend. This discrepancy was rationalized by its
high degree of shape complementarity, arising from the stacking of the phenyl ring side
chain between two walls of the binding pocket, which promoted van der Waals interactions
to improve catalytic efficiency. A third factor affecting substrate recognition was determined
to be the size of the side chain. Larger substrates exhibited reduced catalytic efficiency, as
observed for L-Tyr, which had an 800-fold lower catalytic efficiency than L-Phe. From the
findings uncovered in this study, it was concluded that the A domain of TycA displayed a
substantial degree of specificity, despite its tolerance for alternate substrates.

Directed evolution of the specificity conferring code has been used to exploit the alternate
substrate tolerence of TycA.86 Eight active site residues were mutated using successive
saturation mutagenesis. The resulting mutants were analyzed for adenylation activity against
alternate substrates using a PPi/ATP exchange assay adapted to a 96-well plate form.8”
Mutants that showed increased activity towards smaller, hydrophobic substrates were
selected and subjected to further rounds of mutation. The resulting mutants exhibited a
significantly smaller active site, which showed increased activity with smaller substrates,
and severely reduced activity with the natural Phe substrate.

A class of small ~70 amino acid proteins, known as MbtH-like proteins, are sometimes
encoded within NRPS gene clusters,88 and have been discovered to associate with the A
domain.8 To aid in the elucidation of the exact function of these small proteins, the
structures of PA2412 from Pseudomonas aeruginosa®® and MbtH from Mycobacterium
tuberculosis,®! from which this class of proteins derives its name, have been solved.-
PA2412 has been analyzed both x-ray crystallography and NMR, while MbtH has been
solved using NMR and CD (Fig. 6). These proteins exhibit a conserved three-stranded anti
parallel B-sheet, which interact with an adjacent a-helix. Structural data of PA2412 indicate
a second a-helix at the C-terminus of the protein, which is observed to be mobile in the
NMR solution structure. Similarly, MbtH exhibits flexibility and disorder at the C-terminus.
Biochemical studies have helped elucidate possible roles of MbtH-like proteins in NRP
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biosynthesis. In a study of the vicibactin biosynthetic pathway of the genus Rhizobium, the
MbtH-like protein vbsG was found to be necessary for A domain activity of the module
vbsS.92 These genes, which are adjacent to one another in the genome, were shown to
copurify. This suggests a strong interaction between A domains and MbtH-like proteins.
Similarly, two A-PCP modules from the gene clusters responsible for the biosynthesis of the
anti-tuberculosis agents capreomycin and viomycin were studied.?® It was discovered that
the A-PCP domains CmnO and VioO, which contain A domains specific for B-Lys, required
the presence of their cognate MbtH-like proteins, CmnN and VioN, in stoichiometric
amounts to activate f-Lys. Additionally, both CmnO and VioO copurified with their
respective MbtH-like protein. In the same study, NRPS modules from the Enterobactin
biosynthetic pathway were also investigated. EntF, a module containing an A domain
specific for Ser, co-purified with the MbtH-like protein YmbZ. EntF in the presence of
YmbZ exhibited 15-fold higher affinity for Ser. Conversely, a module from the same
biosynthetic pathway containing an A domain specific for 2,3 dihydroxybenzoate, EntE, did
not show increased activity in the presence YmbZ, nor did the two proteins copurify. This
suggests that MbtH-like proteins are not necessary for all A domains. Interestingly, in
another recent study, the module GIbF from Glidobactin synthesis in Burkholderia sp.
K481-B101 was found to only express solubly when coexpressed with the MbtH-like
protein GIbF, which is adjacent to GIbE in the genome.%* In this case, the MbtH-like protein
apparently serves as a chaparone for its cognate NRPS module. While the exact function is
still unclear, these studies have greatly increased our understanding of the biological role
MbtH-like proteins.

5.2 Peptidyl Carrier Protein Domain

Central in mediating nonribosomal peptide biosynthesis is the small ~80-100 residue
peptidyl carrier protein (PCP) domain. The PCP carries the growing natural product chain
throughout the catalytic steps of NRP biosynthesis. As mentioned in section 3, the PCP is
post-translationally modified by a PPTase, which covalently transfers the 4’-
phosphopantetheine arm of a CoA molecule onto a conserved serine residue located at the
PCP active site. In doing so, the PCP is converted from its inactive apo form to its active
holo form, which can then covalently bind its aminoacyl substrate via a thioester linkage
with the terminal thiol of the 4’-phosphopantetheine arm. Once bound, the substrates are
shuttled between the PCPs of each module throughout the cycles of peptide elongation. The
initial structure of a PCP was determined to be the typical four-helix bundle observed in
many carrier proteins, as demonstrated by the NMR solution structure of TycC3-PCP, the
carrier protein from the third module of the tyrocidine synthetase of Bacillus subtilis.9®
However, in a more recent evaluation of the TycC3-PCP solution structure, it was
reported that the apo and holo forms of the carrier protein maintained two different stable
configurations, the A-state and H-state, respectively. In addition, a third common structural
state shared by both the apo and holo forms, the A/H state, was revealed in which the
configuration resembled the canonical four-helix carrier protein structure. In the A-state
(Fig. 7A), the PCP is in its most flexible and extended conformation. Helices al and all are
primarily uncoiled with loop 111 stretched out and lodged in between helices all and alV.
Based on a molecular dynamics simulation,®”:98 it was proposed that the embedment of loop
I11 within the core of the protein permitted the formation of a hydrogen bond between the
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carbonyl of active site residue S45 and the side chain of R47, preventing modification with
phosphopantetheine. In the A/H-state (Fig. 7B), the helices are orientated similarly as in the
A state but are longer and more stable. The unstructured loop 111 is tightened into helix alll,
and is situated outside of the protein core. When phosphopantetheine is finally attached in
the H-state (Fig. 7C), helix alll unfolds, causing alV to align parallel with al. Helix all is
also relocated along with the active site serine residue, resulting in a large movement of the
phosphopantetheine arm across the PCP face. This observation provided the first structural
evidence at the molecular level for the “swinging arm” model.9°

With the elucidation of the dynamic conformational changes exhibited by the PCP in its
three different states, examination of the interactions and conformational changes of the PCP
during its communication with other domains in the NRPS system followed. NMR studies
were carried out in which 1°N-labeled TycC3-PCP was titrated with the Bacillus subtilis
phosphopantetheinyl transferase, Sfp, and the surfactin type Il thioesterase domain,
SrfTEIN.9 The results of the titration experiment with Sfp showed that the PCP residues
with chemical shift deviations constituted a surface that interacts with the PPTase in the A-
state conformer rather than the A/H-state. Based on this data and the mutational analysis of
the PCP-Sfp interaction,>® a model was proposed suggesting that the selectivity of the A-
state conformer by Sfp was due to the unfolding of helix alll, causing less steric hindrance
for interaction with the PPTase. Likewise, titration of holo-TycC3-PCP with SrfTEII
uncovered a protein interaction surface, composed of the loop 111 region, the loop containing
the active site S45, and the N-terminal part of helix all in the H-state. Further investigations
of the enterobactin system corroborated the importance of helix 11 of PCP in recognizing its
cognate partner domains in trans. However, two mutagenesis studies on the aryl carrier
protein of the enterobactin synthetase, EntB—ArCP, identified two distinct recognition sites
for PPTases EntD and Sfp,%? and the serine-incorporating NRPS module, EntF.190 Key
residues G242 and D244 constituted an interaction surface on EntB—ArCP for EntD and Sfp,
while the residues F264 and A268 on helix |11 were identified as the recognition surface for
EntF. Recently, it was shown that chimeric constructs of EntB-PCP were unable to
participate in a bond-forming reaction with EntE, an adenylation domain.101 All EntB-PCP
constructs other than the wild type showed no evidence of adenylation, which further
highlights the importance of specific protein-protein interactions between PCP and catalytic
domains.

Complementing these findings were the results from another study in which aryl carrier
proteins (ArCP) from VibB of Vibrio cholerae vibriobactin and HMWP2 of Yersinia pestis
yersiniabactin NRPSs were evolved by random mutagenesis to reconstitute enterobactin
production activity.192 Three specific surfaces on the VibB-ArCP, which corresponded to
those found previously on EntB-ArCP, were identified to be responsible for recognizing
catalytic domains from the enterobactin system. Altogether, these results indicate that the
PCP undergoes various conformational changes in order to interact in trans with its many
catalytic partner domains.

The peptidyl carrier protein also interacts with other core domains in cis for proper
production of natural product peptides. In the enterobactin system, the interdomain
interaction between EntF-PCP and the thioesterase domain was examined by combinatorial
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mutagenesis.103 Residues G1027 and M1030, located in the helix 111 region of EntF-PCP,
were identified to be key factors in recognizing the downstream TE | domain. This data and
the results from the studies with EntB—ArCP and TycC3—-PCP imply that mediation of
domain interactions downstream of PCP are controlled by helix 111, acting as a
conformational switch. More recently, the solution structure of the EntF PCP-TE didomain
elucidated the intra- and interdomain motions of the PCP during its interaction with other
catalytic domains in NRP biosynthesis (Fig. 8).64

Based on NMR analysis, the PCP domain exhibited a three-helical bundle wedged between
the core of the TE and the two a-helices (a4tg-abtg) protruding from this core. From the
dynamics data in this study, it was established that these two a-helices formed a lid covering
the active sites of both domains, which opens to allow access by the 4’-phosphopantetheine
arm. The active sites of the PCP and TE domains were also found to be within 17 A in this
structure, enabling the 20 A prosthetic arm to reach the active site of the TE domain. The
PCP domain demonstrated internal mobility, leading to low intensity NMR signals for loop
L3t of the PCP and fast NH exchange. Residue F42 was also shown, through mutagenesis,
to play a key role in stabilizing the PCP fold to maintain the protein interactions with the TE
domain. By utilizing other domains which interact in cis, such as the EntF C domain, and in
trans, such as Sfp, with the EntF PCP domain, the dynamic interdomain motions were
observed between the PCP and TE domains.

When Sfp was titrated with the PCP-TE didomain, new signals and chemical shifts were
observed for the open form of the PCP-TE complex, indicating that the PPTase drives the
dynamic equilibrium towards the dislodged form of the didomain. In addition, the EntF C
domain was also titrated with the didomain and specific chemical shift changes were
observed for the C-domain binding face of the PCP.

To gain further insight into the interdomain interactions that occur in cis between the PCP
and other NRPS domains, crystal structures of the PCP were resolved within a bidomain in
the tyrocidine system, TycC5-6 PCP—C,194 and an entire termination module of the
surfactin NRPS, SrfA-C (Fig. 9).105 In both structures, the PCP was in the A/H state
without the presence of phosphopantetheine. The structural arrangement of the PCP in the
bidomain structure, however, was concluded to not be the peptide bond-forming
conformation due to the large distance (47 A) between the active site residues of the two
domains, making it impossible for the phosphopantetheine arm (20 A) to span this distance.
Additionally, the critical residues necessary for productive interaction with the downstream
C domain confirmed by the EntB—ArCP study,®® did not interact with the surface of the
TycC6 condensation domain. The PCP conformation in the termination module, however,
did bring the active site residues of the two domains within 16 A, which would place
phosphopantetheine at the acceptor site entry of the C domain. Likewise, the corresponding
amino acids of the PCP domain, M1007 and F1027, which were critical for condensation
activity in the EntB-ArCP study, formed hydrophobic interactions with F24, L28, and Y337
of the SrfA—C condensation domain, validating this structural orientation to be the peptide
bond-forming conformation of the PCP.
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Recently, biochemical studies have characterized the interaction between the PCP and the
adenylation domain.106 The study employed the use of a truncated A-PCP construct of the
gramacidin initiation module GrsA. Both the apo- and holo-A-PCP constructs were
subjected to an in-gel trypsin digest, a method previously used to study TycA.197 The digest
of A-PCP with no ligand was compared with the digest when either its native substrates,
ATP and L-Phe, or a phenylalanyl adenylate mimetic were added to the proteolysis reaction.
A significant decrease in cleavage between the A domain and the PCP was observed when
either ATP and L-Phe or the phenylalanyl adenylate mimetic were present, suggesting
conformational changes upon substrate binding that increase domain-domain interaction.
These findings were complemented by native PAGE and gel filtration analysis of the A-
PCP. Using Texas Red bromoacetamide to detect the free sulfhydryl group of the
phosphopantethine arm, it was discovered that the Ppant arm of A-PCP was less accessable
in the presence of the phenylalanyl adenylate mimetic. These data suggested that both the
phosphopantetheine modification and the binding of the substrates necessary for adenylation
lead to conformational changes of the A and PCP domains required for adenylation activity.

5.3 Condensation Domain

Monomeric precursors in NRP synthesis are joined together by the condensation domain, a
large ~450 aa monomeric enzyme situated at the N-terminus of each elongation module that
catalyzes the peptide bond formation of two aminoacyl substrates bound to PCPs of adjacent
modules.198 The thioester group of the upstream donor substrate undergoes a nucleophilic
attack by the a-amino group of the downstream acceptor substrate, forming an amide bond
and transferring the peptide intermediate from one module to the next (Fig. 10A). Based on
the crystal structures of the stand-alone condensation domain, VibH,1%% and the PCP-C
bidomain, TycC5-6 PCP-C,104 the C domain is composed of an N- and C-terminal
subdomain, arranged in a VV-shape manner with the active site located at the junction of
these subdomains (Fig. 10B). Initially, the second histidine of the ‘His-motif’ found in the C
domain active site was thought to deprotonate the a-ammonium group of the acceptor
substrate in order to attack the electrophilic carboxyl-thioester group of the donor
substrate.110 However, based on mutational studies!®® and analysis of pKa values for the
catalytic residues, 111 it was suggested that electrostatic interactions rather than general acid/
base catalysis governs peptide bond formation in C domains. The crystal structure of VibH
also revealed a solvent channel running through the active site, providing access from the N-
and C-faces. These two faces act as the binding sites for the adjacent upstream and
downstream PCPs, facilitating extension of the pantetheinyl arms into the solvent channel to
present their corresponding substrates for catalysis. Biochemical investigations of different
C domains from the tyrocidine synthetase revealed strict substrate stereoselectivity for the
acceptor site (N-face) of the C domain.112113 |n contrast, the donor (C-face) site did not
discriminate against noncognate amino acids. Thus, the C domain also acts as a filter for
selectivity in NRP biosynthesis.

In addition to aminoacyl and peptidyl substrates, the C domain is capable of condensing
polyketide (PK) intermediates in hybrid polyketide-nonribosomal peptide (PK/NRP)
systems, as well as non-proteinogenic amino acids. These hybrid systems employ the C
domain to catalyze the nucleophilic substitution between the acyl group of the polyketide
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intermediate bound to the ACP of the upstream module and the amino group of its
aminoacyl substrate bound to the PCP of the downstream module (Fig. 11A). Some key
examples include the systems for bleomycin,114 myxothiazol, 115 rapamycin,116 and
nostopeptolide.11” Furthermore, some of these hybrid enzymes also incorporate non-
proteinogenic amino acids. For instance, rapamycin, FK506, and FK520 are hybrid peptide-
polyketide immunosuppressant macrolides that contain a pipecolate moiety, derived from L-
pipecolic acid, a nonproteinogenic, six-membered proline analogue (Fig. 11B).118.119,120
This amino acid is incorporated into the growing polyketide chain by a pipecolate-
incorporating enzyme (PIE).118 In the biosynthetic pathways of rapamycin and FK520, the
PIEs were determined to be RapP and FkbP, respectively. The first condensation domain of
FkbP, the four-domain (C—A-PCP-C) NRPS found in the FK520 biosynthetic pathway, was
proven to condense the pipecolate moiety with the acyclic polyketide chain of the natural
product.12X Even though the condensation domain of hybrid PK/NRP systems can accept
both nonproteinogenic amino acids and polyketide intermediates, it does not display any
distinct characteristics compared to the conventional NRPS C domain. This is not surprising
considering that the C domain from the tyrocidine system was previously reported to exhibit
relaxed substrate specificity for its donor substrate.112 Fatty acids are incorporated at the N-
terminus of several NRPs, including daptomycin122 and surfactin.123 Recent investigation of
the surfactin biosynthetic pathway has shed light on the mechanism of fatty acid
incorporation for these lipopeptides.124 In contrast to hybrid PK/NRP systems, the fatty acid
is added by the initiation module, which has a domain organization of C-A-PCP. The C
domain facilitates amide bond formation between the amino acid loaded on the PCP domain
and a CoA activated fatty acid.

Besides forming peptide bonds between NRP precursors, the C domain also catalyzes ester
bond formation, as first observed in the biosynthesis of fumonisin, a polyketide-derived
mycotoxin produced by Fusarium verticillioides.12° In this study, FUM14 was predicted to
encode a PCP and C domain. As a result, FUM14 deletion mutants were generated and
analyzed. Extracts of the FUM14 mutants were found to produce only pre-fumonisin
compounds, lacking the tricarballylic esters, suggesting Fum14p to be responsible for
esterification of fumonisin. This result was further corroborated by expressing FUM14 in E.
coli and performing in vitro assays with Fum14p to convert pre-fumonisin to fumonisin
using tricarballylic thioesters. As expected, Fum14p catalyzed the esterification of the
tricarballylic thioesters to C-14 and C-15 of the fumonisin backbone.

In the biosynthesis of C-1027, a stand-along C domain, SgcC5, catalyzes ester bond
formation (Fig. 11C).126 |solated from Streptomyces globisporus, the antitumor antibiotic
C-1027 belongs to the enediyne family of antibiotics. Like all other enediynes, its mode of
action begins with a cycloaromatization process via a Myers-Saito or Bergman-type
rearrangement.12” This generates a benzenoid biradical, which can abstract hydrogens from
DNA, resulting in oxygen-mediated DNA double-strand breaks.128 In previous studies,
(9-3-chloro-5-hydroxy-B-tyrosyl-(S)-SgcC2 was identifed as the PCP-bound donor
substrate for SgcC5.129.130.131 Thys it was employed with SgcC5 to test for ester bond
formation with the enediyne core mimic, (R)-1-phenyl-1,2-ethanediol. Based on these
findings, SgcC5 was reported to catalyze the regiospecific esterification of the C-2 hydroxyl
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group (corresponding to the C-14 of the enediyne core) of the acceptor substrate,
substantiating its role in C-1027 biosynthesis. Additionally, using 3-chloro-5-hydroxy-f-
tyrosine as a donor substrate instead of the PCP-bound substrate produced no esterified
product, verifying that SgcC5 requires its donor substrate to be presented by a carrier
protein. Specificity of SgcC5 toward acceptor substrates was also examined by checking for
product formation with enediyne core mimics (R)-2-amino-1-phenyl-1-ethanol and (R)-2-
phenylglycinol. By accepting the other enediyne core mimics, SgcC5 exhibited relaxed
selectivity for its acceptor substrate, a quality differing from previously reported C domains,
which displayed strict specificity for the acceptor substrate. Consequently, SgcC5 is the first
known C domain to be able to catalyze both ester and amide bond formation in NRP
biosynthesis, providing possible insight into how a canonical amide-forming C domain can
be engineered to catalyze esterification.

6 Tailoring Domains

6.1 Epimerization Domain

One of the striking characteristics of nonribosomal peptides is the presence of D-amino
acids, which give these natural products their unique conformations for biological
activity.132 D-amino acids also serve functional roles, orientating the configurations of
growing peptides for further modification by tailoring domains, as seen for penicillin and
vancomycin. Incorporation of these unnatural amino acids can occur by either direct
activation of a D-amino acid produced by an external racemase, via an A domain, such as
the sixth A domain in the fusaricidin NRPS,133 or by in situ epimerization of the Ca center
of the PCP-bound L-amino acid during peptide elongation. The latter is the more common
route performed by the ~450 aa epimerization (E) domain, believed to be similar in structure
as the C domain based on sequence alignments and secondary structure predictions.109 It
was also discovered that dual function C and E domains incorporate D-amino acids into the
biosurfactant arthrofactin along with other lipopeptides syringomycin, syringopeptin, and
ramoplanin.134

Biochemical studies have been performed elucidating key catalytic residues, substrate
specificity, and timing of epimerization. In a mutational analysis of the E domain in the
initiation module of gramicidin S synthetase, the second histidine, H753, of the His-motif
along with residues D757 and Y976 were deduced to be essential for proton transfer at the
Ca center of the PCP-bound L-Phe to form D-Phe.13% In another study, noncognate
substrates were found to be epimerized by the E domain, but with lower efficiency.136 In
addition, it was uncovered that the E domain only catalyzes epimerization of the amino acid
while it is tethered to the PCP and not in its free form, signifying the critical role played by
the PCP for efficient catalysis. Prior to this study, it was demonstrated that the aminoacyl
substrate in an elongation module is first condensed with the upstream peptidyl intermediate
before being epimerized, whereas the E domain of an initiation module epimerizes its
substrate before condensing with the downstream amino acid.237 Although the E domain
found in initiation modules typically epimerizes aminoacyl substrates, it was reported to be
able to also epimerize peptidyl intermediates. In contrast, the E domain in an elongation
module was not as tolerant and preferred peptidyl intermediates over aminoacyl
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substrates.138 Apparently, there was no correlation between the substrate specificity of E
domains and the specificity of the module they arose from. However, in a follow-up study of
the two different E domains,139 it was determined that the E domain does impact the
intermodular transfer of correct intermediates, making certain that misinitation of certain D-
isomers does not occur.

Recently, the structure of an epimerization domain of the initiation module of tyrocidine
biosynthesis was solved (Fig. 12).140 This initiation module is responsible for the loading of
Phe and subsequent epimerization to the D isomer for further downstream biosynthetic
steps. It is important to note that this is the first structural data of an epimerization domain.
Along with previous biochemical studies, this structure will aid in better understanding the
mechanism, selectivity, and intermodular interactions of the E domain.

6.2 Heterocyclization and Oxidation/Reduction Domains

Another structurally distinctive feature in nonribosomal peptides, such as vibriobactin and
anguibactin, is the presence of heterocyclic rings, namely oxazolines and thiazolines. These
5-membered rings, derived from either cysteine (thiazoline) or serine/threonine (oxazoline),
are incorporated into the natural product by a cyclization (Cy) domain through three
chemical steps (Fig. 13A). First, the amino acid containing the f~nucleophile side chain
condenses with the upstream activated acyl donor group. Then, the newly formed amide
bond undergoes an intramolecular nucleophilic attack by the cysteine thiol or serine/
threonine hydroxyl group, forming the 5-membered ring. Finally, dehydration gives the final
thiazoline/oxazoline ring observed in antibiotic bacitracin and siderophore mycobactin,
respectively.

Upon closer examination of the substrate selectivity of the Cy domain, it was discovered that
the Cy domain exhibits strong specificity for its donor substrate in regards to its
condensation activity as illustrated by the tandem Cy domains found in VibF.141 In addition,
the specificity for its acceptor substrate for the heterocyclization reaction showed tolerance
only for B-functionalized amino acids serine and cysteine. Interestingly, the catalytic
efficiency of both reactions increased when the substrates were loaded on to a PCP,
verifying yet again the vital role played by the PCP in NRP biosynthesis.

Although the Cy and C domains share significant structural and functional homology,
heterocyclization and condensation reactions are performed independently within the Cy
domain. One of the early indications for this separation of condensation and
heterocyclization processes was demonstrated by the mutational study of the two different
Cy domains found in the VibF NRPS of the vibriobactin system.142 Given the conserved
DXXXXDXXS motif of Cy domains,143 mutation of the catalytic aspartic acid residues in
the first Cy domain of VibF resulted in lower heterocyclic product formation while
maintaining condensation activity, whereas the same mutation in the second Cy domain had
the opposite effect. As a result, the second Cy domain was designated the role of the
condensation reaction and the first for heterocyclization. Reaffirmation of this distinction
between the Cy and C domains was demonstrated in the mutational analysis of the Cy
domain found in the bacitracin system.144 Mutants N9OOA and S984A of the model system
consisting of the first two modules of bacitracin synthetase A fused to the TE domain of
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tyrocidine synthetase, BacA1-2-TE, produced linear dipeptides, indicating that these
residues were critical for heterocyclization but not condensation activity. From secondary
structure predictions and comparison with the crystal structure of the C domain, VibH, N900
and S984 were determined to be involved in the formation of the Cy solvent channel,
indicating a structural role for these residues in the heterocyclization reaction.

Discussion of the Cy domain so far has been limited to those found associated with other
NRPS domains. However, a recent study of the NRPS responsible for the biosynthesis of
anguibactin, a siderophore produced by Vibrio anguillarum,145 reported the first system to
comprise of two stand-alone Cy domains. Based on mutational analysis of the conserved
aspartic residues in the Cy domain core motif, both Cy domains were established to be
responsible for siderophore production. Sequence alignment of the second Cy domain with
the second Cy domain of VibF revealed 32% homology and the residues identified to be
important for cyclization but not condensation were not conserved in either of the second Cy
domains. However, designation of heterocyclization and condensation reactions for each Cy
domain could not be confirmed based on the in vivo studies alone. Only with a detailed
structural study tied in with mutational analysis of the catalytic residues of the Cy domain
will the elucidation of the mechanistic features involved in heterocyclization and
condensation be resolved.

Following heterocyclization, the thiazoline/oxazoline can either be oxidized to the thiazole/
oxazole, as observed in thiostrepton and epothilone, by the oxidation (Ox) domain146 (Fig.
13B) or reduced by the reduction (R) domain to form the thiazolidine/oxazolidine, as seen in
pyochelin (Fig. 12C).147 In the former process, flavin mononucleotide (FMN) is used as a
cofactor for the two electron oxidation reaction, whereas the latter path is dependent on
NADPH. At present, there are no crystal structures for either the Ox or R domains, but
biochemical studies have revealed the Ox domain to be located either downstream of the
PCP or incorporated into the C-terminal portion of the A domain.148 Moreover, the R
domain of the MxcG synthetase was found to be responsible for the release of the final
peptide product, myxochelin A, through a four-electron reduction of the PCP-bound
thioester.149

6.3 N- and C-Methyltransferase Domains

Many of the nonribosomal peptides seen in Figure 2 consist of N-and C-methylated amino
acids, which are responsible for the natural product’s bioactivity and provide the structural
conformation for subsequent reactions in the biosynthetic pathway. Accountable for
methylation of these amino acids is the methyltransferase (MT) domain, which transfers the
methyl group from its cosubstrate (S)-adenosyl methionine (SAM). Typically, N-
methylation of the amino acid occurs while it is tethered to the 4’-phosphopantetheine arm
of the PCP by the ~420 aa N-MT located at the C-terminal of the associated A domain, as
observed in the cyclosporin® and pyochelin synthetases (Fig. 14A).151 However, N-
methylation of external substrates, which are not bound to the PCP of the associated module,
takes place as well. For instance, the N-MT of the enniatin synthetase from Fusarium
scirpil®2 was able to N-methylate aminoacyl-N-acetylcysteamine thioesters (aminoacyl-
SNACS) of L-Val, L-lle, and L-Leu. It also exhibited enantioselectivity for the L-isomers of
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the amino acids and mutational analysis established the functional boundaries of the
domain.153

In addition to in cis-acting N-MTs that are linked to their associated module, discrete 234—
280 aa N-MTs, such as MtfA from the chloroeremomycin synthetase, interact in trans to
methylate aminoacyl and peptidyl substrates.154 The recently solved crystal structure of
MtfA depicted the protein as a dimer with two wing-like structures extending from the main
body of the protein (Fig. 14B).1%° With 9 a-helices and 11 Bsheets, the bulk of the protein
folded into an extended Rossman fold domain with the cofactor, SAM, bound near the f2/a3
loop, in which the characteristic SAM-binding motif EXAXGxG was located. Mutational
analysis determined H228 to be the base residue required for catalysis and molecular
modeling illustrated that the antibiotic substrate binds in a cleft located at the dimer
interface.

Despite its similar role in nonribosomal peptide synthesis as N-MTs, C-MTs do not directly
methylate PCP-tethered amino acids. Instead, it has been demonstrated that these enzymes
methylate precursors leading to the final nonproteogenic amino acid.156 For instance, the
acidic lipopeptides, daptomcyin and calcium-dependent antibiotics (CDA), represent a class
of antibiotics which contain fmethylated glutamate, produced by these C-MTs. The
methyltransferase, GImT, found in the CDA producer S coelicolor catalyzes the SAM-
dependent stereospecific methylation of a-ketoglutarate to (3R)-3-methyl-2-oxoglutarate
(Fig.14C).157 Then, in the presence of an excess of valine, acting as the amino group donor,
the branched chain aminotransferase, IIVE, transforms 3-methyl-2-oxoglutarate to 3-MeGlu,
the nonproteogenic amino acid that is incorporated into the final lipopeptide. With the
mechanism of the methylation performed by GImT uncovered, methyltransferases Dptl from
the daptomycin producer S. roseosporus and Lptl from the A5145 producer S. fradiae were
examined due to their high homology with GImT. The two homologues were assayed and
determined to catalyze the same methylation reaction as GImT.

6.4 Formylation Domain

Commonly observed in the initation of ribosomal peptide biosynthesis in prokaryotes,158 N-
formylation also occurs in the biosynthesis of linear gramicidins from Bacillus brevis ATCC
8185,159 as well as the anabaenopeptilides from Anabaena strain 90.160 Responsible for
catalyzing this reaction is the formylation (F) domain, one of the least explored tailoring
domains in the NRPS system. In 2006, the small ~24 kDa F domain of module LgrAl was
determined to formylate the first residue of linear gramicidin, valine, in the presence of the
cofactor N10-formyltetrahydrofolate (fH4F) (Fig. 15).161 Utilizing a formylation assay with
LgrAl, it was shown that the F domain exhibited strict substrate selectivity for its PCP-
bound substrate valine. In addition, an elongation assay with the truncated dimodular system
of LgrA F-A;— PCP-C-A,—PCP demonstrated that only formyl-valine and not valine
condensed with glycine, the second amino acid of the linear gramicidin, signifying the
importance of the formylation reaction on the initation of linear gramicidin biosynthesis.
The inability of the A domain of LgrAl to accept formyl-valine as a substrate further
supported the necessity of the F domain for initiation as well as demonstrating the critical
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role played by the 4’-phosphopantetheine arm of the PCP domain in positioning the
substrate for formylation.

6.5 Halogenase Domain

With over 4,000 halogenated natural products reported to date,262 our understanding of the
structural and mechanistic features of halogenating enzymes has grown considerably in the
past decade. At present, five different classes of halogenating enzymes have been
uncovered, with two of them being responsible for the incorporation of halogens into
nonribosomal peptides. They are the flavin-dependent halogenases and non-heme iron-
dependent halogenases. Halogenation of nonribosomal peptides within their electron-rich
aromatic or heteroaromatic ring systems, as seen in the antibiotics balhimycin and
pyoluteorin, are executed by the flavin-dependent halogenases.163 The non-heme iron-
dependent halogenases are responsible for halogenating nonribosomal peptides at
unactivated aliphatic carbon centers, as observed in the phytotoxin syringomycin E and the
molluscicidal compound barbamide.164 As a result of the halogen’s presence, the therapeutic
potency of the natural products is noticeably greater. For example, balhimycin exhibits an 8-
to 16-fold increase in antibiotic activity towards certain pathogenic bacteria and
syringomycin E shows a 3-fold increase in antifungal activity due to the presence of a
halogen.

Based on enzymatic and structural studies, the flavin-dependent halogenases have been
categorized into two groups: those that halogenate free small-molecule substrates (PrnA and
RebH)165 and those that modify substrates bound to the PCP in the NRPS system (CndH
and SgcC3).166 Until recently, only two crystal structures of the flavin-dependent
halogenases involved in NRPS systems had been resolved, PrnA from Pseudomonas
fluorescens'®” and RebH from Lechevalieria aerocol onigenes. 168 Both of these halogenases
belong to the first group and have aided in the elucidation of the reaction mechanism and
structural features for flavin-dependent halogenation. In general, these ~500 aa flavin-
dependent halogenases consist of two conserved regions, a flavin-binding site (GXGxxG)
near the N-terminus and a second conserved motif (WxWHxIP) situated in the middle of the
enzyme.169 They require reduced flavin (FADH,), which is provided by an NADH-
dependent partner reductase, molecular oxygen, and a chloride ion.170 Currently, the
proposed mechanism for flavin-dependent halogenation begins with reduced flavin reacting
with O, to form a FAD-C4a—OOH intermediate (Fig. 16A). The intermediate reacts with
CI~, oxidizing it to CI*, to produce hypochlorous acid (HOCI).171 Based on the most recent
finding, HOCI then reacts with conserved active site residue K79 to form lysine chloramine
K79-eNH,—CI,172 which acts as the chlorinating agent for the substrate. This is based on the
observation that K79 is located between the flavin and tryptophan binding site, and the fact
that HOCI is known to react with the eéNH, of lysine.173 Upon chlorination of the aromatic
substrate, a Wheland complex is formed, which is then deprotonated by a conserved basic E
residue to form the halogenated aromatic product.

This mechanism also holds true for the second group of flavin-dependent halogenases,
which utilize a carrier protein bound substrate. However, there are some slight differences
between the two groups, both in structure and mechanism. Based on the crystal structure of
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the chondrochloren halogenase (CndH) from the myxobacterium Chondromyces crocatus
Cm c5, the 512 amino acid enzyme differs from the halogenases PrnA and RebH in that it
lacks the 45 residue segment near position 100, which is near the active site center, and
deviates in the C-terminal domain (Fig. 16B).174 Instead of covering the active center of
CndH, as is the case for PrnA, the C-terminal domain is disordered in the CndH crystal
structure, leaving the active site in the open conformation. As a result, this creates a large
non-polar surface patch, which is believed to interact with the carrier protein domain. In
looking at the active site of CndH, the conserved lysine (K76) is present, but the glutamine
residue that deprotonates the Wheland complex is missing. It was suggested that the base
needed to complete the halogenation reaction may be provided by a residue at its C-terminal
domain (E387) or by a more likely candidate, a residue from the carrier protein.

Halogenation of unactivated aliphatic carbon centers in nonribosomal peptides are catalyzed
by the recently discovered class of non-heme Fe(Il) and a-ketoglutarate (aKG)-dependent
halogenases.1”® Thus far, four of these halogenases have been characterized, with the crystal
structures for two of these halogenases being resolved: SyrB2 from the syringomycin E
biosynthetic pathwayl’8 (Fig. 17A) and more recently, CytC3 from the NRPS of the
Streptomyces antibiotic, y,j~dichloroaminobutyrate (Fig. 17B).177 Non-heme Fe(I1)/aKG-
dependent halogenases exhibit a common cupin fold, comprised of antiparallel f-strands in
a jelly roll motif.178 At the center of the jelly roll is the iron cofactor, which is coordinated
by two histidine residues. Molecular oxygen, aKG, and the chloride coordinate with the iron
to carry out the halogenation reaction.1”® First, molecular oxygen binds to the iron center
causing oxidative decarboxylation of aKG, forming an Fe(IV)-oxo intermediate, which is
proposed to be responsible for hydrogen abstraction of the substrate. Then the substrate
radical reacts with CI* to form the chlorinated product (Fig. 17C).18° Comparison of the
open conformation (chloride is not bound to iron) observed in the crystal structure of CytC3
with the closed conformation (chloride bound to iron) of SyrB2 revealed two important
factors affecting chloride binding in this class of halogenases: the hydrogen-bonding
network between the chloride and the surrounding enzyme residues and the hydrophobic
pocket of the chloride binding site. In SyrB2, residues N123, T143, and R254 form
hydrogen bonds with the chloride through water molecules, stablizing the halogen within the
active site (Fig. 17A). In contrast, the corresponding residues in CytC3 are too far from the
chloride binding site to form this same hydrogen-bonding (Fig. 17B). Furthermore, residues
Al18, F121, and the p-carbon of S231 of SyrB2 form a large hydrophobic pocket (absent in
CytC3) in which the chloride resides and is believed to be important for binding.

7 Thioesterase Domain

Termination of nonribosomal peptide biosynthesis is carried out by the thioesterase (TE)
domain with the release of the full-length peptidyl chain from the final PCP of the
termination module.181 This 250 amino acid long enzyme, which is only found in
termination modules of NRPSs,82 utilizes an active site serine residue as a nucleophilic
catalyst in the two-step process liberating its peptide cargo. To initiate catalysis, the active
site serine carries out a nucleophilic attack of the PCP-bound peptide thioester to form an
acyl-O-TE intermediate.183 Immediately following, this attack, the peptide chain can
undergo either hydrolysis to produce a linear peptide, such as vancomycin, or
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macrocyclization by attack of an internal nucleophile to form a macrocyclic peptide, such as
surfactin or daptomycin (Fig. 18). Based on the structures of typical nonribosomal
peptides,184 it is clear that the latter pathway is the most commonly observed mechanism for
peptide release, given that the structural constraint of the cyclic peptide provides resistance
to proteolytic degradation and enhanced bioactivity. Although the TE domain performs a
single process in nonribosomal synthesis, it provides a diversity of different size
macrocycles, suggesting a high degree of specialization for catalyzing cyclization and
substrate specificity.

The first look into the structural conformation of the TE domain was provided by the crystal
structure of the surfactin TEI domain (Fig. 19).185 With the exception of an insertion “lid”
region consisting of three a-helices covering the active site, the SrfTEI domain exhibits
similar structural features as observed for members of the a/p-hydrolase family. Located
centrally at the bottom of a bowl-shaped hydrophobic cavity, the catalytic triad of residues
S80, H207, and A107 marks the active site of the SrfTEI domain. The backbone amides of
A81 and V27 form the oxyanion hole which stabilizes the tetrahedral intermediate during
acyl-O-TE formation. Based on sequence alignments, the nonconserved “lid” region differed
greatly from other TE domains, suggesting that this region was responsible for substrate
recognition of the SIfTEI domain. Moreover, two monomers were observed for the crystal
structure of SrfTEI, each with the lid in different conformations. In the ‘O’ (open) monomer
of the SIfTEI domain, the lid is flipped back allowing access to the active site, whereas in
the ‘C” (closed) monomer, the lid is closed excluding water and permitting only small
molecules entry. Active site residues K111, R120, and P26 were found essential in
preventing hydrolysis of the lipoheptapeptide.186 It was also determined that the side chains
of C-terminal residues D-Leu6 and Leu7 of the lipopeptide surfactin bound specifically
within well-defined hydrophobic pockets of the active site in order for macrocyclization.

Similar in structure to SrfTEI as well as other members of the a/B-hydrolase family, the
fengycin TE domain (FenTEIl) also bears a catalytic triad for substrate binding and catalysis
of macrocyclization, composed of residues S84, D111, and H201 (Fig. 20).187 These
catalytic residues are located at the bottom of the central region of the crevice-like active
site. Likewise, the backbone amide groups of A85 and 130 formed the oxyanion hole which
stabilizes the tetrahedral intermediate in substrate binding. Depicted as an a/Bsandwich with
a central B-sheet, the FenTEI structure differs from the SrfTEI domain structure in the lid
region. Twelve residues shorter than the SrfTEI lid region, the corresponding region in
FenTEI domain lacks an a-helical element, aL1, which is responsible for blocking parts of
the active site in the SrfTEI. As a result, the FenTEI domain was observed only in the open
state conformation, defined earlier in the SrfTEI study, suggesting that this lid region may
not have any effect in substrate recognition and only participate in preventing access of
unwanted macromolecular substrates. However, the idea that the FenTEI may exist in a
closed state in solution cannot be excluded due to the crystallization conditions utilized in
this study. With the lid region being excluded as a crucial player in substrate recognition for
the FenTEI, modeling, molecular dynamics and enzymatic assays were utilized to examine
the orientation of the substrate and to determine the factors affecting its binding. Based on
these investigations, the cyclic portion of the fengycin peptide was observed sitting “edge-
on” the active site canyon with residues D-Orn3, L-GIn9, D-Tyr10, and L-lle11 contributing
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to substrate binding and recognition during cyclization, in accordance with earlier findings
on the substrate specificity of NRPS TE domains.8 In addition, the molecular dynamics of
FenTEI placed the C-terminus of the lipopeptide in contact with the western side of the
active site canyon and the nucleophilic residue interacting with the eastern and central
regions of the active site.

In contrast to most TEI enzymes, such as SrfTEI and FenTEI, which are located at the C-
terminus of the termination module, the TEI enzyme involved in the biosynthesis of
phosphinothricin tripeptide (PTT), a peptide antibiotic produced by S. viridochromogenes
Tii494, is located at the N-terminus of the first synthetase, PhsA, of the PTT system.188 To
determine if this TE domain was required for PTT production, a phsA deletion mutant
(MphsA) was complemented with two different phsA constructs carrying mutations in the
thioesterase motif. In one construct, the conserved active site serine residue of the TE
GXSXG motif was changed to an alanine, which would abolish TE activity.
Complementation of MphsA with this construct did not restore PTT production, suggesting
that this TE domain is required for release of the peptide antibiotic. Consequently, the PCP
domains of the other two synthetases, PhsB and PhsC, in the PTT biosynthetic pathway
must be arranged in a manner so that they can interact with this TE domain. This is the first
example of an NRPS organized in a cyclic manner, in which the synthesis begins and ends
with the same module.

Recently, a prototypical TE was discovered to catalyze both macrolactonization and
macrothiolactonization (Fig. 21).182 The TioS PCP-TE bidomain, excised from the
thiocoraline NRPS of Micromonospora ML1,190 was examined for substrate selectivity and
utilized for in vitro generation of thiocoraline analogs. At first, linear tetrapeptide thioester
substrates were employed to establish the characteristics of the individual amino acids
within the substrate that regulate the cyclization mechanism of the TE domain. The steric
demand of the C-terminal amino acid was proven to suppress hydrolysis by protecting the
acyl-O-TE oxoester intermediate from the nucleophilic attack of water. The cysteine residue
at the third position of the tetrapeptide also exhibited a strong influence on the ligation and
cyclization reaction of the TE by forming a disulfide crossbridge prior to cyclization,
orientating the substrate in a fold to facilitate macrocyclization. This finding was in accord
with the backward mechanism proposed for iteratively working thioesterases, where the
PCP acts as a docking port for dimerized products.1®1 In addition, the D-configuration of the
N-terminal amino acid was found to be crucial for cyclization because it creates the Burgi-
Dunitz trajectory for an intramolecular nucleophilic attack of the acyl-O-TE oxoester
intermediate.192 Interestingly, the cyclization reaction was determined to be temperature-
dependent, suggesting that the production of thiocoraline is thermally regulated. It was
speculated that at lower temperatures the enzyme becomes more compact, reducing
premature hydrolysis and increasing the stability of the PCP bound substrate intermediate
for intramolecular macrocyclization.

8 Intermodular Protein Interactions

Throughout this review, investigations of the different catalytic domains have emphasized
the importance of intramodular protein-protein interactions in regulating NRP biosynthesis.
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However, intermodular protein interactions also play a vital part in governing proper
processing of peptide intermediates. The following two sections will discuss the discovery
of the domains responsible for the intermodular protein interactions which have advanced
our understanding and ability to manipulate the NRP synthetases in order to produce more
potent bioactive peptidic compounds.

8.1 COM Domains

Initially, it was believed that condensation between peptide intermediates of consecutive
NRPS enzymes was mediated by protein-protein interactions between the C-terminal
domain of the first synthetase and the N-terminal domain of the second synthetase.
However, small 15-25 aa recognition regions called communication-mediating (COM)
domains were determined to be important for regulating the intermodular protein
interactions between NRPSs.17 Located at the C-terminus of the donor NRPS, the donor
COM domain (COMDP) interacts specifically with its cognate partner, the acceptor COM
domain (COMA), which is situated at the N-terminus of the acceptor NRPS (Fig. 22A). The
two COM domains form a compatible set, ensuring selective protein interactions in order to
condense the appropriate peptide intermediates in NRP biosynthesis. Based on COM
domain-swapping studies,3:18 it was shown that these domains could be manipulated both
invitro and in vivo to generate new peptide intermediates, demonstrating great potential for
further biocombinatorial methods.

Examination of the crystal structure of the surfactin termination module, SrfA-C, provided
tentative structural analysis of the COM domains.1%% An unexpected interaction was
observed between the C-terminal myc-hisg tag of the SrfA—C module and the N-terminal
condensation domain of a neighboring SrfA-C module. A sequence alignment comparison
between the C-terminus of the upstream module SrfA-B and the C-terminus myc-hisg tag of
the SrfA—C showed high homology, suggesting the C-terminal myc-hisg tag accurately
represents the COMP domain of SrfA-B. Interestingly, a three-stranded B-sheet, in
conjunction with the previously defined COMA domain of SrfA-C,193 formed a ‘COM
hand’ that provides a docking site for the myc-hisg tag (Fig. 23), in contrast to the four-helix
bundle of docking domains found in PKSs.194 The ‘COM hand’ motif suggests that COM
domain docking is more complex than previously thought.

More recently, crosslinking probes were developed to investigate the protein-protein
interactions mediated by the COM domains in the tyrocidine NRPS system.19° Utilizing a
one-pot chemoenzymatic carrier protein modification method, 19 synthesized pantetheine
azides and alkynes were loaded on to the PCP of the first two modules of the tyrocidine
system, TycA and TycB1. Then through a crosslinking assay, these bioorthogonally-tagged
modules were examined for crosslinking through gel-shift SDS-PAGE analysis. Based on
the results, the protein interactions between the COM domains of TycA and TycB1 were too
transient to catalyze the in situ [3+2] cycloaddition of the PCP-modified azides and alkynes.
However, a ring strain-activated cyclooctyne pantetheine analogue exhibited selective
protein-protein interaction-dependent crosslinking of cognate NRPS modules (Fig. 22B).
This technique provides a method for covalently linking two interacting NPRS modules,
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which allows for structural analysis and elucidation of important module-module
interactions.

Domains in Hybrid PKS/NRPS Systems

With the discovery of hybrid NRP-PK natural products, exploration of the docking domains
governing the protein-protein interactions between NRPS and PKS enzymes in hybrid
systems became a necessity in order to comprehend the interplay between these two types of
modular synthases for combinatorial biosynthesis. Earlier studies of the mixed PKS—-NRPS
epothilone system illustrated that manipulation of the docking domains between its
synthases was plausible; however, this came at the expense of decreased chain elongation
efficiency.197:198 Despite the conserved architecture and catalytic function shared by these
synthases, it is surprising to find that the docking system used in hybrid systems are quite
different from those in purely PKS or NRPS systems.

In a recent structural study of the tubulysin system of Angiococcus disciformis An d48, a
new family of N-terminal docking domains was identified.19 Based on multiple sequence
alignments of mixed PKS-NRPS systems, TubCdd, the N-terminal docking domain of
TubC, was established to be a representative of the N-terminal docking domains found
between NRPS-NRPS and PKS-NRPS interfaces in these hybrid systems. Structural
analysis of TubCdd by NMR revealed this domain to be homodimeric, suggesting that
NRPS enzymes in hybrid systems self-associate in order to recognize and interact with C-
terminal PKS partner domains. Likewise, a new affaa fold was elucidated for this domain
with an exposed f-hairpin, comprised of charged residues that make up a docking code
responsible for proper protein-protein interaction with its cognate partner docking domain
(Fig. 24).

9 Summary and Outlook

This review summarizes the key investigations and remarkable breakthroughs in the
structural and mechanistic elucidation of the catalytic domains engaged in NRP
biosynthesis. The knowledge we have attained from these studies have significantly
broadened our understanding of the distinct structural elements as well as the dynamic
interactions mediating the enzymatic processes of these large multidomain assembly lines.
Given the modular organization of NRPSs, it is clear that defining the intra- and
intermodular protein interactions governing proper processing of NRP precursors is vital to
the comprehension of such intricately designed molecular machines. As a result, many of the
endeavors discussed in this review have focused on resolving the issues regarding the
selective communication between NRPS enzymes.

In particular, mutational, NMR, and X-ray crystallographic studies have identified key
residues, facilitating proper protein-protein interactions, at the recognition interfaces of
several NRPS subunits. Given the central role of the PCP, many of these endeavors focused
on defining the architectural determinants regulating the interdomain communication
between the PCP and its partner proteins. From the mutational study of the EntB—-ArCP,
specific recognition features on helix 3 of the ArCP were determined to regulate proper
interactions in trans with the C domain of its cognate partner module, EntF, for peptide bond
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formation. Interestingly, the corresponding surface residues on helix 3 of the PCP from the
SrfA-C termination module were also resolved to govern proper interactions in cis with the
C domain in this termination module. Investigations of the interactions that occur in trans
between TycC3-PCP and Sfp, as well as Srf-TEII revealed that each of these external
enzymes interact with different regions of helix 3 of the PCP. NMR solution structures of
TycC3-PCP demonstrated that helix 3 undergoes structural transformations as the PCP goes
from its apo form to its holo form as it interacts with these different enzymes. On account of
this structural flexibility and the critical role it plays in governing the interactions between
the PCP and its partner enzymes, investigating the dynamic conformational changes of helix
3 of the PCP will be essential for elucidating other interdomain interactions with the PCP.

Another critical issue regarding NRP synthesis highlighted in this review is the
identification of the active site residues governing substrate specificity of the domains. For
instance, we now recognize the physico-chemical and thermodynamic forces discriminating
against unwanted substrates of the A domain as well as the TEI domain from structural and
mutagenesis studies of PheA, DhbE, DItA, FenTEl, and SrfTEI. Using this data, tools that
enable the alteration of A domain specificity are currently being developed and optimized
that could lead to tailor-made enzyme systems.

In addition, the strict substrate stereoselectivity of the C domain at its acceptor site along
with the binding pocket residues of the halogenases essential for accomodating its substrate
and cofactors have also been established. However, there still remains much to be learned
about the dynamic interactions of these halogenases with the PCP. Moreover, with the
discovery of SgcC5, further investigations exploring the mechanistic and structural aspects
of the this C domain holds great promise into gaining a better understanding of the
selectivity for a hydroxy or amine nucleophile of the acceptor substrate in the condensation
reaction of NRP synthesis. Although the characterization of the SIfTEI and FenTEI domains
elucidated certain fundamental features involved in macrocyclization, further investigations
into other NRPS TE domains is required to fully understand the determinants of
intramolecular cyclization versus intermolecular hydrolysis as well.

Finally, the recent discovery of the COM domains in NRPSs as well as the docking domains
situated at the NRPS—-PKS interface found in hybrid systems revealed another level of
regulation in these multienzyme complexes. Development of chemical tools, such as
crosslinking probes, will aid in distinguishing the structural characteristics controlling the
conformational arrangement of the individual domains within the synthetase for the
appropriate intermodular communication.

It is without a doubt that future endeavors towards deciphering the protein interactions at
both the domain and modular level, by means of biochemical and structural techniques, will
bring forth new findings that will help us gain a better grasp of the subtle intricacies
influencing the enzymatic reactions involved in NRP synthesis. Furthermore, explorations
into establishing the substrate selectivity and identifying the surface recognition elements of
the tailoring enzymes mentioned in this review, as well as uncovering the dynamic
conformational changes accompanying their interactions with the PCP, will lead to a
comprehensive understanding of the architectural design of these multimodular enzyme
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complexes. Only then, will we be able to successfully manipulate these complex, natural
product-producing assembly lines for the combinatorial biosynthesis of new valuable non-
ribosomal peptide compounds.
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Fig. 2.

Biosynthetic strategies for assembling nonribosomal peptides (NRPS).
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Fig. 3.
(A) Crystal structure of the Bacillus subtilis Sfp protein (red and yellow) complexed with

CoA (purple). Residues D107, E109, and E151 coordinate with Mg2* ion (blue sphere) and
H90 binds to CoA (purple). Mutational analysis of residues K112, E117, and K120 (orange)
determined the loop region (cyan) that forms the binding pocket for the PCP. (B)
Coordination diagram depicting the proposed mechanism of the phosphopantetheinylation
reaction.
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Fig. 4.

(A?) Structure of Bacillus subtilis SIfTEII (red and yellow) in complex with TycC3-PCP
(blue), a PCP from the tyrocidine system. Residues S86, D190, and H216 of SrTEII form
the catalytic triad. Key residues (purple), including the ‘lid’ region (orange) of SrfTEII that
interact with TycC3-PCP are highlighted. (B) Structure of RifR. Residues S94, D200, H228
form the catalytic triad of the RifR active site and the flexible linker region (purple) as well
as the “lid’ region (orange) are indicated.
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Fig. 5.
(A) Adenylation reaction in NRPS. (B) Crystal structure of the adenylation domain,

consisting of the large N-terminal domain (red and yellow) and the smaller C-terminal
domain (gray), from the gramicidin S synthetase, GrsA, complexed with AMP (purple) in
the presence of Mg2*ion (blue sphere). The 10 catalytic residues (orange) termed ‘codons’
are highlighted. (C) Crystal structure of DItA, consisting of the large N-terminal domain (red
and yellow), the linker region (orange) and the smaller C-terminal domain (gray), bound to
ATP (purple). Invariant residues K492, E298, and R397 stabilize ATP in the presence of
Mg?2* ion (light blue sphere).

Nat Prod Rep. Author manuscript; available in PMC 2016 March 25.



1duosnuey Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hur et al. Page 38

Fig. 6.
Structures of MbtH-like proteins. (A) Crystal structure of PA2412. (B) NMR structure of

PA2412. Disordered residues at the N-terminus have been omitted for clarity. Flexible
region between the two a-helices is shown in purple. (C) NMR solution structure of MbtH.
Disordered residues at the N-terminus have been omitted for clarity. Flexible C-terminus is
shown in purple.
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Fig. 7.
Ribbon diagrams of the NMR solution structures of TycC3-PCP in three different

conformations (A) the A-state, (B) the A/H-state and (C) the H-state. Helices al (blue), all
(red), alll/loop Ill(orange), and alV (purple) undergo conformational changes in each state.
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Fig. 8.
Structure of the PCP-TE didomain of the Escherichia coli enterobactin synthetase, EntF.

Active site residues S180 of the TE domain (red and yellow) and S48A of the PCP (blue) are
17.5 A apart. F42 stabilizes the interactions between the PCP and TE and helices a4tg-a51g
form the ‘lid’ region (purple).
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Fig. 9.

(Ag Crystal structure of the TycC5-6 PCP-C bidomain from the tyrocidine NRPS. The
active site residues H224 of the C domain (red and yellow) and S43 from the PCP (blue) are
positioned 47 A apart. Residues (orange) responsible for proper interaction between the PCP
and C domain are highlighted. (B) Crystal structure of the termination module from the
Bacillus subtilis surfactin NRPS, SrfA—C. Linker regions (green) connecting the C domain
(orange), A domain (gray and purple), PCP (blue), and TE domain (red) are indicated.
Active site residues H147 of the C domain and S1003 from the PCP are 16.4 A apart.
Residues (black) determined to be responsible for proper interaction between the PCP and C
domain are highlighted.
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Fig. 10.
(A) Peptide bond formation catalyzed by the C domain. (B) X-ray crystal structure of the

stand-alone C domain, VibH, from the Vibrio cholerae vibrioactin synthetase. The N-
terminal (red) and C-terminal (blue) subdomains are connected by a linker region (purple),
forming a V-shaped canyon. The ‘His” motif (black), consisting of the catalytic residue
H126, marks the active site, which is located at the junction of these two subdomains.
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Fig. 11.
Different condensation reactions catalyzed by the C domain. (A) The C domain in the

bleomycin NRPS subunit, BImVII, condenses an aminoacyl substrate (blue) with a ketide
unit (gold). (B) The C domain in the FK520 NRPS subunit, FkbP, catalyzes condensation
between pipecolate (green) and a ketide unit (yellow). (C) The free-standing C domain,
SgcC5, from the C-1027 NRPS catalyzes ester bond formation.
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Fig. 12.
Crystal structure of the Epimerization domain from Tyrocidine synthetase A (TycA).
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Fig. 13.

Enzymatic reactions of the tailoring domains. (A) The cyclization (Cy) domain from the
Vibrio cholerae vibriobactin NRPS subunit, VibF, catalyze cyclization of threonine to form
the oxazoline ring in three steps. (B) The oxidation (Ox) domain from the epothilone
synthetase B, EpoB, oxidizes the thiazoline ring to the thiazole in the presence of the
cofactor flavin mononucleotide (FMN). (C) The reduction (R) domain from the pyochelin
synthetase, PchF, reduces the thiazoline ring to the thiazolidine in the presence of NADPH.
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Fig. 14.
N- and C-methylation of amionacyl substrates in NRP biosynthesis. (A) The N-

methyltransferase (NMT) domain from the pyochelin NRPS, PchF, transfers a methyl group
from S-adenosyl methionine (SAM) to the amine group of the substrate tethered on the PCP.
(B) Crystal structure of NMT, MtfA, from the chloroeremomycin synthetase complexed
with SAM (purple stick model) with one monomer designated in gray. (C) The C-
methyltransferase (CMT), GImT, from the CDA producer Streptomyces coelicolor transfers
the methyl group from SAM to the B-carbon of a-ketoglutarate in a stereospecific manner.
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The formylation (F) domain of the Bacillus brevis linear gramicidin NRPS subunit, LgrA1,
catalyzes formylation of valine in the presence of N10-formyltetrahydrofolate.
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Fig. 16.
(A) Proposed mechanism of flavin-dependent halogenases. (B) Crystal structure of the

chondrochloren halogenase, CndH (red and yellow), from the myxobacterium
Chondromyces crocatus Cm c¢5 complexed with FAD (purple) and in the presence of CI™ ion
(blue sphere). Active site residue K76 reacts with HOCI to form the chlorinating reagent and
E387 (black) acts as the base to complete halogenation.
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Fig. 17.

Structure and mechanism of aKG-dependent halogenases. (A) Crystal structure of the
halogenase domain, SyrB2, from the syringomycin E synthetase complexed with aKG
(purple) in the presence of Fe(ll) ion (blue sphere). Residues N123, T143, and R254
(orange) form hydrogen bonds with the CI~ ion (green sphere) and residues A118, F121, and
S231 (gray) form the hydrophobic pocket. (B) Crystal structure of the halogenase domain,
CytC3, from the y,)~dichloroaminobutyrate synthetase complexed with aKG (purple) in the
presence of Fe2* ion (blue sphere). Corresponding residues from SyrB2 are indicated as
well. (C) Proposed mechanism of non-heme Fe(l1)/aKG-dependent halogenases.
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Fig. 18.
(A) The thioesterase (TE) domain from the vancomycin NRPS catalyzes release of the linear

peptide through hydrolysis after three crosslinking reactions. (B) The TE domain from the
daptomycin NRPS catalyzes the release of the peptidic product through an intramolecular
macrocyclization.
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Fig. 19.
Crystal structure of the surfactin thioesterase domain, SrfTEI, depicted as an asymmetric

dimer. The monomer on the left is in the closed ‘C’ conformation with the ‘lid’ region
(purple) covering the active site, while the other is in the open ‘O’ conformation with the
‘lid” flipped back. Residues S80, D107, and H207 (black) form the catalytic triad and A81
and V27 (blue) form the oxyanion hole.
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Fig. 20.
Crystal structure of the fengycin thioesterase domain, FenTEI. The ‘lid’ region (purple) is

flipped back designating FenTEI in the open conformation. Residues S84, D111, and H201
(black) form the catalytic triad and A85 and 130 (blue) form the oxyanion hole.
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Fig. 21.
The thioesterase domain from the thiocoraline synthetase, TioS, catalyzes

macrothiolactonization.
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Fig. 22.
(A) COM domains from the tyrocidine system regulate the protein interactions between the

first two modules, TycA and TycB1, for proper processing of the aminoacyl substrates, L-
Phe and L-Pro, to form the dipeptidyl intermediate. (B) Pantetheine azide and
difluorocyclooctyne pantetheine modified the PCPs of TycA and TycBl1, respectively, and
displayed sensitivity to the protein interactions governed by the COM domains of these
cognate partner NRPSs through crosslinking.
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Fig. 23.
Ribbon diagram depicting the COM hand interaction between two SrfA-C monomers. The

myc-Hisg tag (purple) interacts not only with the putative COMA sequence (blue) of SIfA-C,
but also two additional Bsheets (red) located on the C domain.
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Fig. 24.
Ribbon diagram of the tubulysin docking domain, TubCdd (red and yellow). A new affaa-

fold is displayed with residues R20, E26, R27, R29, Q31 and V36 (black) making up the
docking code.
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